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A B S T R A C T   

This article investigates the activity of TiO2-rutile and TiO2-anatase polymorphs in the catalytic HBr oxidation, 
which is an enabling process to close the halogen loop in bromine-mediated transformation of natural gas to 
high-value chemicals and liquid fuels. The evaluation of rutile-, anatase-, and rutile-anatase TiO2 catalysts, 
exhibiting the variable specific surface areas, revealed that anatase phase is also active in this reaction. None
theless, in contrast to photocatalytic processes in which anatase is typically more active than rutile, rutile ex
hibits ca. 2–5 times higher intrinsic rates of HBr oxidation than anatase. Thereby, the apparent activation 
energies and reaction orders with respect to HBr, O2, and H2O display similar values for the two polymorphs. The 
activity differences were rationalized by density functional theory analysis, which showed that HBr oxidation 
follows a similar defect-driven mechanism over the most stable rutile (110) and anatase (101) surfaces. Herein, 
HBr activates the catalyst through a self-doping mechanism that involves the substitution of surface oxygen by 
bromine with the concomitant reduction of Ti4+ to Ti3+ centers. This forms a defect level that is placed in the 
band gap and allows for the O2 activation on the catalyst surface. While the HBr adsorption and H2O desorption 
display a similar energy profiles on both polymorphs, the O2 activation and Br2 evolution are more facile over 
rutile compared to anatase surface due to shorter distances between the coordinatively unsaturated Ticus sites and 
easier reduction of Ti4+ centers upon product desorption, respectively.   

1. Introduction 

Bromination of methane and other light alkanes coupled with the 
transformation of thus obtained bromoalkanes into high-value chem
icals and liquid fuels by elimination of hydrogen bromide (HBr) repre
sents an attractive catalytic route for the valorization of abundant 
natural gas, which could overcome the challenges related to the energy- 
and capital-intensiveness of existing industrial processes [1,2]. None
theless, a complete recovery of HBr constitutes the key prerequisite for 
the implementation of this technology. Heterogeneously catalyzed 
oxidation of HBr to bromine (Br2) offers a realistic potential to close the 
halogen loop given its low energy requirements, continuous operation, 
and process simplicity [2–4]. However, HBr oxidation faces the major 
challenge of catalyst deactivation due to excessive bromination under 
oxygen-lean operation, which is an important process requirement that 
may allow for the use of air as an O2 source [3–6]. EuOBr and TiO2-rutile 
are the only active phases with proven stability under these conditions 
owing to their ability to limit the bromination of the catalyst bulk and 

surface, respectively. Thereby, TiO2-rutile offers substantial cost ad
vantages over EuOBr [4,6]. The striking activity of TiO2-rutile in HBr 
oxidation, which contrasts its inability to catalyze a congeneric HCl to 
Cl2 oxidation (Deacon reaction), was rationalized by a self-doping with 
bromine and consequent formation of defect Ti states enabling O2 
activation [6,7]. 

Besides rutile, anatase is another stable polymorph of TiO2, which 
finds much broader application as a photocatalyst or catalyst support 
[8–10]. Similar to rutile, anatase exhibits tetragonal crystalline geom
etry [10]. Nonetheless, the angles between the Ti-O bonds of anatase are 
more distorted from 90 degrees. These configurational differences result 
in a larger band gap (3.2 eV vs. 3 eV) and lower thermal stability of 
anatase as compared to rutile [8,9]. However, specific surface areas 
attainable by anatase are typically higher than for rutile, which is of 
great interest for (photo)catalytic applications [9]. In fact, anatase and 
anatase-rutile mixtures (e.g., P25) display a higher photocatalytic ac
tivity than rutile [9–11]. However, although fundamentally and prac
tically relevant, the activities of anatase and anatase-rutile mixtures in 
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HBr oxidation have not been studied yet. 
Herein, we systematically investigated the HBr oxidation kinetics 

and structural stability of rutile, anatase, and rutile-anatase catalysts 
exhibiting low and high surface areas under practically relevant condi
tions in order to assess the inherent activity differences between TiO2 
polymorphs. The experimental findings are corroborated by the state-of- 
the-art density functional theory (DFT) simulations that rationalize the 
structural and electronic descriptors governing the observed perfor
mances. We show that anatase displays a substantial activity and 
structural stability in this reaction, as corroborated by X-ray diffraction, 
N2 sorption, and Raman spectroscopy analysis of the used catalysts. 
Furthermore, kinetic and DFT analysis indicate the same defect driven 
mechanism of HBr oxidation over both rutile and anatase surfaces. 
Nonetheless, the O2 activation and rate-limiting Br2 evolution are less 
impeded on the rutile surface due to geometrical factors and easier 
reduction of Ti4+ cations, respectively, which ultimately leads to higher 
intrinsic rates over rutile as compared to anatase. 

2. Experimental details 

Commercially available TiO2-rutile: TiO2-r-n (Aldrich, 99.9 %), 
TiO2-r-b (ABCR, 99.8 %), TiO2-r-h (Alfa Aesar, 99.998 %), TiO2-r-s 
(Strem, 99.9 %), TiO2-anatase: TiO2-a-n (Aldrich, 99.7 %), TiO2-a-e 
(Alfa Aesar, 99.8 %), and TiO2-P25: TiO2-ar-P25 (Acros, 99.9 %) were 
calcined at 773 K for 5 h (heating rate 5 K min− 1) prior to their use in 
HBr oxidation. 

Powder X-ray diffraction (XRD) was measured using a PANalytical 
X’Pert PRO-MPD diffractometer with Bragg-Brentano geometry by 
applying Cu Kα radiation (λ =1.54060 Å). The data were recorded in the 
2θ range of 10-70◦ with an angular step size of 0.05◦ and a counting time 
of 1.8 s per step. N2 sorption at 77 K was performed using a Micro
meritics TriStar analyzer. Prior to the measurement, the sample (0.5 g) 
was evacuated to 50 mbar at 573 K for 12 h. Raman spectroscopy was 
performed on a WITec CRM200 confocal Raman system comprising a 
532 nm laser, a 100× objective lens with numerical aperture NA = 0.9 
(Nikon Plan), and a fiber-coupled grating spectrometer (2400 lines per 
mm). The spectra were recorded using a laser power of 10 mW in the 
Raman shift range of 100-1000 cm− 1 by co-adding 5 accumulations at 
spectral sampling resolution of 0.7 cm− 1 and acquisition time of 1− 5 s. 
Temperature-programmed reduction with hydrogen (H2-TPR) was 
conducted in a Micromeritics Autochem II 2920 unit equipped with a 
thermal conductivity detector. The sample (0.2 g) was loaded in an U- 
shaped quartz reactor between two plugs of quartz wool and pretreated 
in He (20 cm3 STP min− 1) at 573 K for 1 h. H2-TPR was then conducted 
by feeding the H2 in N2 gas mixture (5 mol.% H2, 20 cm3 min− 1) in the 
temperature range of 350-1000 K using a heating rate of 10 K min− 1. 

HBr oxidation tests were performed in a continuous-flow fixedbed 
reactor setup [4]. A catalyst was placed in a quartz reactor tube (inner 
diameter, dr =8 mm) between two plugs of quartz wool and the tip of the 
quartz thermowell accommodating a thermocouple was positioned in 
the middle of the bed. The bed was heated to the desired temperature 
under He flow and was left to stabilize for at least 30 min under these 
conditions prior to admitting the reaction mixture comprising HBr (Air 
Liquide, purity 2.8, anhydrous), O2 (PanGas, purity 5.0), deionized 
water, and He (PanGas, purity 5.0; used as carrier gas). Unless otherwise 
stated, the catalytic runs were conducted using a water-free inlet gas 
mixture with a molar ratio of HBr:O2:He = 10:2.75:87.25, total gas flow 
of FT = 100 cm3 min− 1, and a catalyst weight of Wcat =0.5 g (particle 
size, dp = 0.20.4 mm) in the temperature range of T = 548-675 K and at 
total pressure of P = 1 bar. The production of bromine was quantified by 
passing the outlet reactor feed through an impinging bottle filled with 
0.1 M KI aqueous solution (Br2 + 3I− → I3− + 2Br− ) followed by iodo
metric titration (Mettler Toledo G20 Compact Titrator) of the formed 
triiodide (I3− + 2S2O3

2− → 3I− + S4O6
2− ) with 0.01 M Na2S2O3 (Aldrich, 

99.99 %). The conversion of HBr and the rate normalized per surface 
area, rs, were calculated using Equations. 1-2, respectively, where n 

(HBr)inlet and n(Br2)outlet are the molar flow of HBr and Br2 at reactor 
inlet and outlet, respectively. Mass- and heat-transfer limitations can be 
excluded based on the evaluation of theoretical criteria suggested by 
Carberry, Mears, and Weisz-Prater, and constant conversion level for the 
particle size varied between 0.1-0.6 mm [12]. 

XHBr =
2 × noutlet

Br2

ninlet
HBr

× 100,% (1)  

rS =
noutlet

Br2

SBET × Wcat
× 100, molBr2 s− 1m-2 (2)  

2.1. Computational details 

Density Functional Theory (DFT) calculations were performed with 
the Vienna ab Initio Simulation Package (VASP), version 5.4.4 [13]. 
Within the Generalized Gradient Approximation (GGA), 
exchange-correlation energy was described by Perdew-Burke-Ernzerhof 
(PBE) functional and the van der Waals interactions were accounted 
with Grimme’s semiempiric D3 method [14]. The on-site Coulomb in
teractions of 3d electrons of Ti were described with the Hubbard U 
correction with Ueff=4.2 eV [15]. The inner electrons were described 
with projector-augmented wave (PAW) pseudopotentials (with 12 
valence electrons for Ti atoms), whereas the valence electrons were 
expanded in plane waves with cutoff energy of 500 eV [16]. 
Spin-polarized calculations were performed for system with unpaired 
electrons. 

Rutile and anatase bulks were optimized with 9 × 9 × 15 and 9 × 9 ×
5 k-point mesh, respectively, and a cutoff energy of 800 eV. Surface 
calculations were performed using slab models. Due to asymmetry of the 
slabs the dipole correction was used to avoid the spurious terms [17]. 
Calculations were performed on the most stable rutile (110) and anatase 
(101) surfaces, since they are the main exposed planes in TiO2 nano
particles as is shown by the Wulff construction models for rutile and 
anatase phases (Supplementary information, Table S1 and Fig. S1). A (3 
× 2) supercell with five layers with 5 × 3 × 1 k-point sampling was 
considered for rutile (110), and a (1 × 3) supercell with 3 × 3 × 1 k-point 
sampling and four layers was examined for anatase (101). Adsorbates 
and three (two) topmost layers for rutile (anatase) were allowed to relax. 
Reaction steps are either barrierless or have negligible energy barriers 
and, therefore, only its thermodynamics is commented along this work. 
All the calculated structures are presented in Supplementary informa
tion (Fig. S2) and are also published in the ioChem-BD database [18]. 

3. Results and discussion 

X-ray diffraction analysis confirmed the presence of pure rutile phase 
in TiO2-r-n, TiO2-r-b, TiO2-r-p, and TiO2-r-s, pure anatase phase in TiO2- 
a-n and TiO2-a-e, and a mixture of anatase and rutile phases in 
approximate weight ratio of 7:3 in TiO2-ar-P25 (Fig. 1a). Thereby, TiO2- 
r-n, TiO2-a-n, TiO2-ar-P25, and TiO2-a-e exhibit smaller crystallite sizes 
and large specific surface areas, whereas TiO2-r-b, TiO2-r-s, and TiO2-r-p 
display relatively large crystallites and small surface areas. Consistent 
with crystallographic analysis, Raman spectra of TiO2-r-n, TiO2-r-b, 
TiO2-r-s, and TiO2-r-p showed characteristic multiphonon (235 cm− 1), 
Eg (443 cm− 1), and A1g (608 cm− 1) modes of rutile, while the spectra of 
TiO2-a-n, TiO2-a-e, and TiO2-ar-P25 unveiled the Eg(1) (141 cm− 1), B1g(1) 
(397 cm− 1), A1g (514 cm− 1), and Eg(3) (638 cm− 1) modes of anatase 
(Fig. 1b) [9,19]. Thereby, TiO2-ar-P25 catalyst displayed only the bands 
of anatase, which can be explained by a larger fraction and higher 
Raman intensity of this phase as compared to rutile. 

The activity of TiO2 catalysts was assessed in the temperature range 
of 548− 673 K using an inlet feed that contained HBr and O2 in a molar 
ratio of HBr:O2 = 10:2.75, i.e., a small O2 excess (10 mol.%) with respect 
to the reaction stoichiometry. These conditions reflect the industrially 
attractive operation regime [4]. Characterization of catalysts used in 



Fig. 1. a) X-ray diffractograms and b) Raman 
spectra of TiO2 catalysts in fresh form (blue) 
and after HBr oxidation (red). The average 
crystallite size and total surface areas of the 
catalysts are displayed above the respective 
diffractograms. The reference diffraction pat
terns of TiO2-rutile and TiO2-anatase phases are 
presented below the measured diffractograms 
with their ICDD-PDF numbers. (For interpreta
tion of the references to colour in this figure 
legend, the reader is referred to the web version 
of this article).   

Fig. 2. a) Conversion of HBr versus temperature 
and b) surface-normalized reaction rates versus 
reciprocal temperature for TiO2 catalysts. c) 
Surface-normalized reaction rates over TiO2-r-n 
and TiO2-a-n versus partial pressure of HBr 
(left), O2 (middle), and H2O (right). The 
apparent activation energies and reaction or
ders are provided in b) and c), respectively. 
Conditions: a,b) HBr:O2:He = 10:2.75:87.25 
and T = 548-675 K, c) HBr:O2:H2O:He = 2.75- 
20:2.75:0:94.5-77.25 (HBr variation), 10:2.75- 
10:0:87.87.25-80 (O2 variation), or 
10:2.75:1.5-10:85.75-77.25 (H2O variation), 
and T =573 K (TiO2-r-n) or 596 K (TiO2-a-n). In 
a) and b) temperature was varied from the 
lowest to the highest value. All tests were per
formed at P = 1 bar using Wcat = 0.5 g and FT =

100 cm3 min− 1.   



catalytic tests showed that the original phase composition was pre
served, although the high-surface area materials displayed a small in
crease of crystallite size coupled with a small-to-medium drop in SBET 
(Fig. 1). The results corroborate the structural stability of both TiO2 
polymorphs under O2-lean conditions, in good correspondence with 
previous studies on TiO2-rutile [6,7]. 

Notably, the anatase-containing TiO2-a-n, TiO2-a-e, and TiO2-ar-P25 
catalysts displayed a substantial Br2 production, thus demonstrating that 
the activity of TiO2 is not only limited to its rutile polymorph (Fig. 2a). 
Thereby, the highest conversions of HBr were attained over high-surface 
area materials, which evidences the positive impact of TiO2 dispersion 
on the rate of HBr oxidation. Nonetheless, TiO2-r-n displays ca. 1.5-2 
times higher conversion levels than TiO2-a-n, TiO2-a-e, and TiO2-ar- 
P25, although its specific surface area is lower than in the case of these 
materials. In addition, the light-off curve of TiO2-ar-P25, which contains 
anatase and a small fraction of rutile, is positioned between those of 
anatase-based TiO2-a-n and rutile-based TiO2-r-n materials. This aspect 
was further analyzed by comparing the rates normalized per SBET of the 
pre-equilibrated materials, which can be considered as a measure of the 
intrinsic catalyst activity. Notably, the rates observed over rutile were 
ca. 2-5 times higher as compared to anatase systems. Nonetheless, the 
apparent activation energies measured over all materials displayed very 
similar values (Fig. 2b). Further evaluation of HBr oxidation kinetics 
over representative TiO2-r-n and TiO2-a-n catalysts showed that they 
exhibit similar apparent reaction orders with respect to HBr, O2, and 
H2O. The kinetic analysis thus provides hints that the reaction mecha
nism is likely similar for two polymorphs (Fig. 2c). 

DFT analysis of the HBr oxidation activity of the most stable rutile 
(110) and anatase (101) surfaces were undertaken to rationalize the 
performance differences observed in HBr oxidation. The mechanism of 
this reaction on rutile (110) surface comprises a sequence of acid-base 
and redox steps, which require two types of active sites: the five-fold 
coordinated titania centers (Ticus, cus stands for coordinatively unsatu
rated sites) and bridge oxygens (Ob) that are bonded to two Ti centers 
[7]. The reaction centers that are analogues to Ticus and Ob are also 
present on anatase (101) surface (Fig. 3a). However, Ticus-Ticus distance 
in the case of rutile (3.014 Å along the [001] direction) is smaller than in 
anatase (3.856 Å along [010] direction). Another relevant difference 
between the polymorphs is their calculated band gap energy of 2.03 eV 
for rutile and 2.22 eV for anatase. These values are lower than the 
experimental ones (3.03 and 3.20 eV, respectively) due to the use of 
GGA functionals, which are known to underestimate the band gaps [20]. 
Nonetheless, this is a systematic error that does not affect the drawn 
conclusions as the difference between the band gap energies (0.19 eV) is 
essentially identical to the experimentally observed value (0.17 eV). The 
valence band of pristine TiO2 phases is placed at much lower energy 
than the lowest unoccupied molecular orbital (LUMO) of O2, thus 
resulting in very endothermic activation of O2 (> 4 eV) [7]. Nonetheless, 
the adsorption of HBr leads to substitution of Ob sites with bromine 
centers (Brb), i.e., to the formation of self-doped TiO2(Brb) (Fig. 3a, 
right). Thereby, the final system is extrinsically doped since the 
replacement of Ob for a Brb leaves an extra electron, which reduces a 
Ti4+ center to Ti3+. The bromine doping is similarly exothermic (ca. 1.40 
eV) for both phases. However, the most stable Ti3+ center is located 
underneath the surface for rutile and at the surface for anatase (Fig. 3a, 
right) [21,22]. Self-doping of TiO2 introduces a defect level in the band 
gap that enables exothermic O2 activation (Fig. 3b) [23,24]. When there 
is only one defect level in the supercell calculation, O2 adsorbs in the 
form of superoxo species (O2

− ). This process is exothermic on both rutile 
(-0.90 eV) and anatase (-1.18 eV). Further activation of the O2 requires 
more defect electrons and results in the formation of dihapto peroxo 
states, with energy change of -1.45 eV and -1.42 eV for rutile and 
anatase, respectively. The lower stabilization in the case of the anatase is 
due to the geometric constraints on the surface (longer Ticus-Ticus dis
tance). The dihapto O2 bonded to two Ticus, then dissociates to form the 
reactive Ocus species. The next reaction steps comprise HBr adsorption 

coupled with Ocus protonation, followed by -OcusH recombination and 
H2Ocus desorption, which given the comparable acid-base properties of 
two phases, display similar energy profile (Fig. 3b). These results are 
consistent with the experimentally observed similar apparent reaction 
orders with respect to HBr, O2, and H2O (Fig. 2c). The most energy 
demanding step for HBr oxidation over both rutile and anatase surfaces 

Fig. 3. a) Optimized structure of pristine TiO2-rutile (110) and TiO2-anatase 
(101), doped TiO2(Brb)-rutile (110) and TiO2(Brb)-anatase (101), and calcu
lated spin density for doped systems at 0.03 Å2. b) Reaction energy profile for 
HBr oxidation on TiO2(Brb)-rutile (110) and TiO2(Brb)-anatase (101) surfaces. 
Corresponding surface states are defined and schematically depicted bellow the 
profile. Ticus sites are indicated with *. c) Aligned density of states (DOS) of 
pristine and doped surfaces. Color code in a) and b): Ti: light blue; O: red; Br: 
brown; H: white; calculated spin density: yellow. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article). 



involves the recombination of Br atoms adsorbed on neighboring Ti 
centers to form Br2. Br2 desorption leaves one electron on the surface 
that reduces a Ti4+ center, i.e., the electron is transferred to the defect 
level in an endothermic process. The aligned band structures of rutile 
and anatase show that the energy of the defect level of rutile is ca. 0.30 
eV lower than for anatase (Fig. 3c) [25]. However, adsorbed Br2 that 
interacts with two Ticus cations is more destabilized in anatase, due to 
the larger distance between the neighboring Ticus sites. As a result, the 
energy of bromine desorption over rutile (1.39 eV) is only 0.12 eV lower 
than for anatase (1.51 eV). The smaller energy barrier (Fig. 3b, inset) for 
Br2 evolution is another factor that favours the higher intrinsic activity 
of rutile. 

In overall, geometric and electronic terms are responsible for the 
different activity of rutile and anatase polymorphs. Geometric effects 
enhance O2 activation on rutile compared to anatase surface. In 
particular, although the superoxo and monohapto species are nicely 
trapped on the anatase surface (more exothermic process than on rutile) 
and the energy difference for the adsorption on both surfaces overlaps 
with the energy difference between the Ti3+ states in two materials, the 
geometric frustration in the dihapto adsorption induced by the larger 
Ticus-Ticus distance on anatase inverts the binding energy trend. The 
electronic contribution comes from the lower energy position of the Ti3+

states in rutile, which reduces the energy for reintroducing the electron 
to the material upon Br2 elimination. Hence, the higher activity of rutile 
over anatase is related to a higher propensity of the former phase to 
localize the electrons, i.e., to its more facile reducibility. This outcome of 
DFT analysis is also consistent with the lower temperature onset of TiO2- 
r-n compared to TiO2-a-n as determined by H2-TPR (Fig. 4). 

4. Conclusions 

We showed that TiO2-anatase displays significant activity and 
structural stability in HBr oxidation, although its intrinsic rates are 
lower as compared to TiO2-rutile polymorph. Kinetics and DFT analyses 
indicate that two polymorphs exhibit essentially identical reaction 
mechanism. Herein, HBr adsorption causes surface-confined bromina
tion that generates the defect Ti3+ states associated with defect level in 
the band gap, which enables O2 activation and facilitates bromine 
evolution. A higher activity of rutile is a consequence of (i) geometric 
parameters that facilitate O2 activation on rutile due to shorter Ticus- 
Ticus distance, and lead to a higher stabilization of dihapto-adsorbed O2, 
and (ii) electronic parameters that enhance Br2 evolution due to the 
lower energy of the defect level in rutile, which renders the electron 
transfer less endothermic compared to anatase. 
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